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( 1)
’ $=\vec{\gamma}_{C}$ n$arrow$ o












$[ \frac{\partial}{\partial t}+\frac{u_{1}}{\ell_{1}}\frac{\partial}{\partial x_{1}}+\frac{u_{2}\partial}{l_{2}\partial x_{2}}+u_{3}\frac{\partial}{\partial n}](u_{1}+u_{c1})$
$+(u_{2}+u_{c2}) \frac{\partial u_{c2}}{\partial x_{2}}+(u_{3}+u_{c3}(\kappa_{1}u_{c1}+\frac{\kappa_{1}u_{1}}{\ell_{1}}-\frac{\partial u_{c3}}{\partial x_{1}}I$ (3)
$= \frac{1}{\rho l_{1}\ell_{2}}[\frac{\partial}{\partial x_{l}}(\ell_{2}\sigma_{11})+\frac{\partial}{\partial x_{2}}(\ell_{2}\sigma_{12})+\frac{\partial\ell_{1}}{\partial x_{2}}\sigma_{12}+\frac{\partial}{\partial n}(\ell_{1}\ell_{2}\sigma_{13})+l_{2}\frac{\partial l_{1}}{\partial n}\sigma_{13}-\frac{\partial\ell_{2}}{\partial x_{1}}\sigma_{22}]$
$<x_{2}$ $>$
$[ \frac{\partial}{\partial t}+\frac{u_{1}\partial}{l_{1}\partial\kappa_{1}}+\frac{u_{2}}{\ell_{2}}\frac{\partial}{a_{2}}+u_{3}\frac{\partial}{\partial n}](u_{2}+u_{c2})$
$+(u_{1}+u_{c1}) \frac{\partial u_{c2}}{b_{1}}+(u_{3}+u_{c3}(\kappa_{2}u_{c2}+\frac{\kappa_{2}u_{2}}{\ell_{2}}-\frac{\partial u_{c3}}{\partial x_{2}}I$ (4)
$= \frac{1}{\rho l_{1}\ell_{2}}[\frac{\partial}{\partial x_{1}}(\ell_{2}\sigma_{12})+\frac{\partial}{\partial x_{2}}(l_{1}\sigma_{22})+\frac{\partial\ell_{2}}{a_{1}}\sigma_{12}+\frac{\partial}{\partial n}(\ell_{1}l_{2}\sigma_{23})+\ell_{1}\frac{\partial\ell_{2}}{\partial n}\sigma_{23}-\frac{\partial\ell_{1}}{\partial,.x_{2}}\sigma_{11}]$
$<n$ $>$
(5)
$[ \frac{\partial}{\partial t}+\frac{u_{1}\partial}{l_{1}\partial x_{1}}+\frac{u_{2}}{\ell_{2}}\frac{\partial}{h_{2}}+u_{3}\frac{\partial}{\partial n}](u_{3}+u_{c3})$
$+(u_{1}+u_{c1}(- \kappa_{1}u_{c1}-\frac{\kappa_{1}u_{1}}{l_{1}}+\frac{\partial u_{c3}}{\partial x_{1}})+(u_{2}+u_{c2}Y^{-\kappa_{2}u_{c2}+\frac{\kappa_{2}u_{2}}{\ell_{2}}+}\frac{\partial u_{c3}}{h_{2}})$
$= \frac{1}{\rho l_{1}\ell_{2}}[\frac{\partial}{a_{1}}(\ell_{2}\sigma_{13})+\frac{\partial}{a_{2}}(\ell_{1}\sigma_{23})+\frac{\partial}{\partial n}(\ell_{1}\ell_{2}\sigma_{33})-\ell_{2}\frac{\partial l_{1}}{\partial n}\sigma_{1I}-\ell_{1}\frac{\partial\ell_{2}}{\partial n}\sigma_{22}]$
1,2,3 (xl, $\chi_{2}$ ,n) $I_{1},1_{2}$
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$u_{3p}=[ \frac{\partial}{\partial t}+\frac{u_{1}}{l_{1}}\frac{\partial}{a_{1}}+\frac{u_{2}\partial}{l_{2^{\ }2}}](+ \frac{H}{2})$, at $n=+ \frac{H}{2}$
(8)
$u_{3n}=[ \frac{\partial}{\partial t}+\frac{u_{1}}{\ell_{1}}\frac{\partial}{a_{1}}+\frac{u_{2}\partial}{\ell_{2}a_{2}}](-\frac{H}{2}I,$ at $n=- \frac{H}{2}$
$\sigma\cdot\vec{n}_{p}=-p_{a}\vec{n}_{p}-\kappa_{p}\overline{n}_{p}$ , at $n=+ \frac{H}{2}$














$\tau_{n\mathfrak{r}_{1}}\approx\ell_{l}\frac{\partial}{\partial n}(\frac{u_{i}}{l_{i}})\approx 0$ , a$tn= \pm\frac{H}{2}$ (13)
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$u_{1}\approx U_{1}+n\kappa_{1}U_{1},$ $u_{2}\approx U_{2}+n\kappa_{2}U_{2}$ (14)
(13) (14) ( )





(Kistler $($ 1984, $PhD)$ Kheshgi, Kistler and Scriven(Chem. Engng
Sci. , $V$ . $47$ , 1992 $)$ , KiStier and SCriven $(J$ . $F$ . M. , 1994, V. 263 $)$ $)_{\circ}$ $X(15)$ Equation
(3),(4),(5) (7)
$U_{1},$ $U_{2},$ $H,\vec{u}_{c}=(u_{c1},u_{c2}, u_{c3})$
















$\frac{\partial H}{\partial t}+U\frac{\partial H}{\partial s}+H(\frac{\partial U}{\partial s}+\frac{\partial U_{\theta}}{\partial s}+\kappa V_{c})=0$ (19)
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$R_{t}H( \frac{\partial U}{\partial t}+\frac{\partial U_{c}}{\partial t}+U\frac{\partial U}{\partial s}+U_{c}\frac{\partial U}{\partial s}+\parallel_{c}U)$
$+ \frac{2}{H}\{-\frac{\partial H}{\partial s}(\frac{\partial H}{\partial t}+U\frac{\partial H}{\partial s})+H\frac{\partial}{\partial s}(\frac{\partial H}{\partial t}+U\frac{\partial H}{\partial s})+H^{2}(-\frac{\partial^{2}U}{\partial s^{2}}-\frac{\partial^{2}U_{c}}{\partial s^{2}}+\kappa^{2}U_{c}-V_{c}\frac{\partial\kappa}{\partial s}-2\kappa\frac{\partial\nabla_{c}}{\partial s})\}$
(20)
$+ \frac{H}{2C_{a}}(\kappa^{2}\frac{\partial H}{\partial s}+2H\kappa\frac{\partial\kappa}{\partial s}+\frac{\partial^{3}H}{\partial s^{3}}I=S_{l}H\frac{\partial X_{1c}}{\partial s}$
$R_{e}H \{(\frac{\partial V_{c}}{\partial t}+U\frac{\partial V_{c}}{\partial s})-\frac{1}{2}\kappa U(U+4U_{c})\}$
$+[- \kappa(\frac{\partial H}{\partial t}+U\frac{\partial H}{\partial s}-U_{c}\frac{\partial H}{\partial s})-\frac{\partial H}{\partial s}\frac{\partial V_{c}}{\partial s}+H\{2\kappa^{2}V_{c}+U_{c}\frac{\partial\kappa}{\partial s}+\kappa(\frac{\partial U}{\partial s}+3\frac{\partial U_{c}}{\partial s})-\frac{\partial^{2}V_{c}}{\partial s^{2}}\}]$
(21)
$+ \frac{\kappa}{C_{a}}=S_{t}H\frac{\partial X_{3c}}{\partial s}$
$s$ $U_{c}=u_{c1}$ ,
$V_{c}=u_{c3}$ $s$ $n$
$R_{e}= \frac{/\eta}{\mu}$ , $C_{a}= \frac{\mu q}{\gamma L}$ , $S_{t}=$ $o_{/q}^{eL^{3}}$ (22)
(16)
(23)
$\frac{\partial X_{c1}}{\partial t}=U_{c}\sin\alpha-V_{c}\cos\alpha$ ,
$\frac{\partial X_{c3}}{\partial t}=U_{c}\cos a+V_{c}\sin\alpha$
(17)







$H$ , $U$ , $U_{c}$ , $V_{c},$ $X_{c1}$ , $X_{c3},$ $\alpha$ , $\kappa$ 8
$\grave$ Ki8tler Scriven $(JFM$ 1994$)$






$\delta$ (15) $\delta$ 1
$H\approx H_{0}+M_{f},$ $U_{1}\approx U_{0}+\delta\ell_{1f},$ $U_{2}\approx\delta\ell_{2f}$
$X_{c1}\approx x_{1},$ $X_{c2}\approx x_{2},$ $X_{c3}\approx X_{c3f},$ $u_{c1}\approx 0,$ $u_{c2}\approx 0,$ $u_{c3}\approx\ _{c3f}$
(26)
$\frac{\partial H_{f}}{\partial t}+U_{0}\frac{\partial H_{f}}{\partial \mathfrak{r}_{1}}+H_{0}\frac{\partial u_{1f}}{\ _{1}}+H_{0} \frac{\partial u_{2f}}{a_{2}}=0$
$R_{e}H_{0}( \frac{\partial u_{1f}}{\partial t}+U_{0}\frac{\partial u_{1f}}{a_{1}})-H_{0}\Delta_{2}u_{1f}-H_{0}\frac{\partial}{a_{1}}(\frac{\partial u_{1f}}{a_{1}}+\frac{\partial u_{2f}}{a_{2}})+2\frac{\partial}{a_{1}}(\frac{\partial H_{f}}{\partial t}+U_{0}\frac{\partial H,}{a_{1}})-\frac{H_{0}\partial}{2c_{a}a_{1}}(\Delta_{2}H_{f})=0$ (27)
$R.H_{0}( \frac{\partial u_{2f}}{\partial t}+U_{0}\frac{\partial u_{2f}}{a_{1}})-H_{0}\Delta_{2}u_{2f}-H_{0}\frac{\partial}{a_{2}}(\frac{\partial u_{1f}}{a_{1}}+\frac{\partial u_{2\prime}}{a_{2}}I+2\frac{\partial}{a_{2}}(\frac{\partial H_{f}}{\partial t}+U_{0}\frac{\partial H_{f}}{a_{1}})-\frac{H_{0}\partial}{2C_{a}a_{2}}(\Delta_{2}H,)=0$
$R_{*}H_{0}( \frac{\partial^{2}X_{\epsilon 3f}}{\alpha^{2}}+U_{0}\frac{\partial^{2}X_{c3f}}{a_{1}\partial t}+U_{0}^{2}\frac{\partial^{2}X_{\iota 3f}}{a_{1}^{2}})-H_{0}\frac{\partial}{\partial t}(\Delta_{2}X_{c3f})-\frac{2}{C_{a}}\Delta_{2}X_{c3f}=0$
$\Delta_{2}\equiv\frac{\partial^{2}}{\partial\kappa_{1}^{2}}+\frac{\partial^{2}}{h_{2}^{2}}$ (28)
(27) 1,2,3 varicose mode 4 sinuous mode
(29) 3










$R_{\ell}( \frac{\partial\vec{U}}{\partial t}+\vec{U}\cdot\nabla\tilde{U})=\frac{1}{2C_{a}}\nabla(\Delta H)+S_{t}\frac{\overline{g}}{|\overline{g}|}+\Delta\vec{U}+3\nabla(\nabla\cdot\vec{U})$






( (19),(20) (30) )
$r=a\rho_{a}U_{d}\sqrt{\frac{\mu_{a}U_{d}}{\rho_{a}s_{d}}},$ $U_{d}= \frac{q}{L}U,$ $s_{d}=Ls$ (32)
$\alpha$ 0(1)
(31) (31) $U$ $H$
varicose
mode (31) $U$
$R_{e} \frac{H’}{H^{2}}+\frac{8H^{\prime 2}}{H^{2}}-\frac{4H^{\hslash}}{H^{2}}+\frac{HH^{m}}{2C_{a}}+S_{t}H=0$ (33)
$H=1$ at $s=0$ (34)
$H’+ \frac{S_{l}}{R_{\epsilon}}H^{3}=0,$ $H’- \frac{3S_{l}^{2}}{R_{e}^{2}}H^{5}=0$ at $s=s_{f}$ (35)
varicose mode (35)
$H=H_{S}$










$H_{S}$ (35) (36) $H_{f}\alpha e^{\lambda s}$
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